[2] The Thermal Emission Imaging System (THEMIS) 31 on the Mars Odyssey spacecraft 32 acquires daytime and nighttime infrared images at 100 m 33 per pixel, and provides thermophysical information at the 34 highest spatial resolution to date. THEMIS nighttime tem-35 perature images are used to derive thermal inertia values 36 that quantify the physical properties and average particle 37 sizes of surface textures and morphologies observed in 38 high-resolution Mars Orbiter Camera (MOC) [Malin et 39 al., 1992] and THEMIS visible images. This data set allows 40 the comparison between similar features, such as intracrater 41 deposits, bedrock exposures, or layered morphologies, ob-42 served in different localities on the planet and in images 43 acquired at different local times or seasons. Understanding 44 the processes that created surfaces at local scales allows 45 these observations to be extrapolated to regional and global 46 scales.
47
[3] Thermal inertia is a valuable aid to understanding the 
Thermal Emission Spectrometer (TES) onboard the Mars

58
Global Surveyor (MGS) 59 and surface data from the Mars Exploration Rover (MER)
60
Miniature Thermal Emission Spectrometer (Mini-TES) 61 [Christensen et al., 2003b] experiments; and (4) investigate 62 examples of dusty surfaces, bed form morphologies, interior 63 layered deposits, and exposed bedrock. [Christensen, 1982] , but does provide significant insight 149 into the physical nature of the surface and is uniquely 150 related to an effective particle size [e.g., Kieffer et al., 151 1973; Fergason et al., 2006] . 
Previous Work
153
[8] Thermophysical data of Mars were collected by 154 Mariners 6, 7, and 9 [Neugebauer et al., 1971; Kieffer et 155 al., 1973] , and the first thermal inertia maps were made 156 using temperatures from the Infrared Thermal Mapper 157 (IRTM) during the Viking Mission [Kieffer et al., 1977] .
158
The initial thermal inertia models were intentionally con-159 servative, assuming a homogenous, flat-lying, unlayered 160 surface. The model did allow CO 2 to condense and subli-161 mate, and modeled atmospheric radiance as 2% of the 162 noontime insolation [Kieffer et al., 1977] . The IRTM data 163 showed that thermal inertias range from 67 to about 460, 164 and recognized regions of low thermal inertia and inter-165 preted these areas to be covered with fine material and few 166 exposed rocks. A strong anticorrelation between thermal 167 inertia and albedo was also identified [Kieffer et al., 1977] . 168 Palluconi and Kieffer [1981] extended the work of Kieffer 169 et al. [1977] to include a global map of thermal inertia at 170 2 pixels per degree using diurnal temperature measure- 
180
[9] Christensen and Moore [1992] presented Viking 181 thermal inertia data using the same modeling technique as 182 Kieffer et al. [1977] , but used individual nighttime obser-183 vations, rather than binned diurnal temperatures [Palluconi 184 and Kieffer, 1981] Viking IRTM data in which the resolution and accuracy of 195 the thermal inertia data set and the understanding of the 196 local geology was improved [e.g., Christensen and Kieffer, 197 1979; Zimbelman and Kieffer, 1979; Zimbelman and 198 Leshin, 1987; Bridges, 1994; Hayashi et al., 1995] .
199
[10] Haberle and Jakosky [1991] studied the effects of the 200 atmosphere on thermal inertia calculations, and refined the 201 atmospheric correction of Kieffer et al. [1977] by including 202 a 16-layer atmosphere allowing a sensible energy exchange 203 between the surface and the atmosphere. This improved 204 atmospheric component resulted in reducing the thermal 205 inertia values relative to those calculated by Kieffer et al. 206 [1977] by as much as 25%, and further verified that low-207 inertia regions are likely mantled in dust deposited from the 208 atmosphere. Jakosky et al. [2000] [12] Thermal inertia values from the THEMIS data set are 248 derived using a single temperature measurement similar to 249 previous orbital data sets, including Viking [Kieffer et al., 250 1977; Christensen and Moore, 1992] and TES [Jakosky 251 et al., 2000; Mellon et al., 2000] . Nighttime temperatures 252 only are used in this study because the effects of albedo and 253 sun-heated slopes have dissipated throughout the night, and 254 the thermal contrast due to differences in particle sizes are at 255 a maximum [e.g., Kieffer et al., 1977; Palluconi and Kieffer, 256 1981; Christensen, 1982] 
360
[16] Thermal inertia can be used to interpret an effective 361 particle size of the surface [Kieffer et al., 1973] , and this 362 particle diameter is determined using laboratory-derived 363 relationships between conductivity and particle size of 364 homogenous spheres [Presley and Christensen, 1997b] 
439
[21] The THEMIS focal plane substrate is temperature 440 controlled to ±0.001°C (Christensen, online document, 441 2005) . However, the active surfaces of the microbolometer 442 detectors change temperature in response to radiance from 443 the surface. Temperature changes of $0.001°C result in 444 signal changes of 2 to 3 DN (''drift''). In addition, there are 445 higher-frequency (1 -5 s) variations in the output signal due 446 to the actions of the focal plane temperature controller 447 (''wobble''). These effects are reduced by assuming that 448 the atmospheric temperature is constant throughout an 449 image and that band 10 (centered at 14.88 mm, the funda-450 mental CO 2 absorption) should therefore be constant. 451 Changes in band 10 are assumed to be due to ''drift'' and 452 ''wobble'' and these effects are removed from all other 453 bands. The magnitude of this effect is typically ±5 DN at 454 night [Bandfield et al., 2004] . When the postimage calibra-455 tion observation of the internal shutter/calibration flag is 456 acquired within 120 s after the completion of the image, the 457 total error after correction is estimated to be <2 DN for the 458 first line of the image and zero for the last line of the image 459 [Bandfield et al., 2004] , corresponding to an absolute error 460 of 4.3 K at 180 K. [25] A study was performed to determine the sensitivity 506 of the thermal model to variations in albedo, elevation, dust 507 opacity, and slopes and how these sensitivities propagate 508 into uncertainties in the resulting thermal inertia values. In 509 this assessment, one input parameter of the model was 510 systematically varied for a range of latitudes and seasons, 511 while all other parameters were held constant (sensitivity 512 study input parameters are listed in Table 4 ). Only results 513 where latitude was varied will be discussed, but similar 514 uncertainties were calculated varying season as well. Be-515 cause nighttime data alone were used in this work to 516 calculate thermal inertia values, only errors for nighttime 517 conditions (5 H) are reported, and are similar for all local 518 times observed by the THEMIS instrument (3 to 6 H). 519 3.1.2.1. Albedo
520
[26] Albedo primarily affects the average surface temper-521 ature and the phase of the diurnal temperature curve [Kieffer 522 et al., 1977] , and is generally found to be inversely 523 correlated to thermal inertia on Mars at all spatial scales 524 [e.g., Kieffer et al., 1977; Palluconi and Kieffer, 1981; 525 Zimbelman and Leshin, 1987] . Uncertainties in the surface 526 albedo are caused by differences between the true surface 527 albedo as a function of wavelength and incidence angle and 528 the model input value. This discrepancy can be due in part 529 to uncertainties in the TES albedo data set, or from 530 variations in albedo below TES resolutions affecting THE-531 MIS surface temperatures. Error can also result from the 532 assumption of a Lambertian surface in determining the TES 533 albedo from a fixed viewing geometry and the fact that the 534 Martian surface likely has a more complex photometric 535 behavior.
536
[27] Higher-resolution THEMIS or MOC visible images 537 may be helpful in identifying the presence of sub-TES-538 resolution variations in albedo, but quantifying these varia-539 tions is difficult. Model sensitivities associated with thermal 540 inertia as a function of albedo are illustrated in Figure 1a . 541 An uncertainty in albedo of 0.03 for an albedo of 0.2, results 542 in an error in thermal inertia of 6% to 10% for thermal 543 inertias of both 80 and 600. Albedo has a larger effect on 544 surface temperature at latitudes closer to the equator be-545 cause in those regions the sun is above the horizon longer 546 and later into the evening resulting in less nighttime hours to 547 dissipate the effect of albedo on surface temperature, and 548 thus thermal inertia. [e.g., Kieffer et al., 1973; Zimbelman and Kieffer, 1979;  558 Haberle and Jakosky, 1991; Bridges, 1994] . A correction 559 for atmospheric pressure is included in the thermal model, 560 and the uncertainties due to elevation are therefore small.
561
The primary uncertainty is due to the spatial scale of the 
667
[33] A constant visible/9-mm extinction opacity ratio of Uncertainties for thermal inertia values between 80 and 600 can be approximated by linearly interpolating between these curves. To determine the uncertainty due to any input parameter, move across the x axis to the input parameter value that best characterizes the surface of interest. Then move vertically until the line best representing the thermal inertia and latitude is intercepted. Then move horizontally to intercept the y axis; this value is the partial derivative with respect to thermal inertia. Multiply this derivative value by the amount of uncertainty in the input parameter. The resulting value is the corresponding error in thermal inertia.
671 visible/9-mm extinction opacity ratio increases the modeled 672 temperature at all times of day with a greater effect at night. 673 Varying visible/9-mm extinction opacity ratio from 2.0 to 674 2.5 changes the modeled surface kinetic temperature $1.5 K 675 at night for low opacity conditions (t = 0.2) and $3 K at 676 night for high opacity conditions (t = 0.6), producing an 677 uncertainty of $10% in thermal inertia. (Table 3) . Individual 744 thermal inertia images are important for determining varia-745 tions in thermal inertia between small-scale surface features, 746 and thermal inertia variations across these images represent 747 true differences in the physical properties of the surface. [38] Differences between the TES-and THEMIS-derived 754 thermal inertia values are expected, and are caused by 755 several factors including differences in the capabilities of 756 the instruments, the method of calculating surface temper-757 ature, and the thermal models employed. The TES instru-758 ment measures the surface temperature of Mars using both 759 an infrared spectrometer (5.8 to 50 mm) and a broadband 760 thermal radiometer (5.1 to $100mm) [Christensen et al., 761 1992 [Christensen et al., 761 , 2001 ]. For the TES spectrometer, the radiance at each 762 wavelength is converted to brightness temperature assuming 763 an emissivity of unity. The maximum brightness tempera-764 ture (away from the CO 2 band) is assumed to be the surface 765 kinetic, or target, temperature . 766 Planetary (top of the atmosphere) brightness temperatures 767 are calculated using the TES bolometer by measuring the 768 total emitted radiance from the Martian surface and deter-769 mining the temperature of an ideal blackbody corresponding 770 to this total radiance. At night, the planetary temperature is 771 typically 3 -4 K lower than the target temperature due to the 772 presence of the 15-mm CO 2 absorption band that reduces the 773 integrated radiance when the atmosphere is colder than 774 Jakosky, 1991] , and incorporates the vertical transfer of 822 energy through the atmosphere due to convective over-823 turning within the boundary layer [Jakosky et al., 2000; 824 Mellon et al., 2000] . The different atmospheric corrections 825 produce slight differences in the amount of thermal energy 826 incident on the surfaces, and the models may respond 827 differently to atmospheric dust.
828
[41] To understand these differences in the thermal mod-829 els used for TES and THEMIS, we compared the two 830 thermal models as directly as possible. The TES thermal 831 inertia production look-up [42] The comparison of TES and THEMIS-derived ther-845 mal inertia values ±40°from the equator, due to sparse 846 THEMIS coverage between $40°and 60°latitude, and 847 binned at 2 pixels per degree, is shown in Figure 4 . 848 THEMIS thermal inertia values are compared to TES 849 bolometric thermal inertia values, because these TES values 850 incorporate TES surface temperature measurements and are 851 therefore believed to be the most accurate representation of 852 the physical nature of the surface as measured by TES. To 853 construct the global THEMIS thermal inertia map, THEMIS 854 thermal inertia data were averaged in a single image every 855 256 lines (framelet, effectively 32 Â 26 km) and this infor-856 mation was stored in a database along with longitude, 857 latitude, and information about the image calibration and 858 processing quality. Nighttime images selected for this map 859 have a high quality of calibration, have emission angles less 860 than 30°, are from a period where there are no global dust 861 storms, and have no surface CO 2 frost present. The average 862 thermal inertia for each framelet was binned at 2 pixels 863 per degree and gaps in the data were filled using a 864 linear interpolation between neighboring bins weighted by 865 distance.
866
[43] To create the TES thermal inertia map, the TES 867 thermal inertia data were constrained to have incidence 868 angles greater than 95°, emission angles less than 30°, a 869 high quality of thermal inertia derivation, and only seasons 870 with a low dust opacity and no equatorial water-ice clouds 871 were included. This TES thermal inertia map is similar to 872 the published TES global maps of Mellon et al. . KRC replica table temperatures compared to TES production table temperatures. The thermal model utilized in this work (KRC) was used to replicate the TES thermal inertia production look-up table to allow a direct comparison between the thermal models. These data are compared for a representative thermal inertia of 248, albedo of 0.25, atmospheric dust opacity of 0.50, all seasons, and latitudes from 40°S to 40°N. The red line indicates a perfect agreement between the thermal models. Other thermal inertia and albedo values produce similar results.
911 $0.97 in THEMIS band 9 (12.57 mm). The THEMIS 912 thermal model assumes an emissivity of unity, and this 913 discrepancy will result in a lower estimation of the thermal 914 inertia in these regions by $6%. The TES thermal model 915 also assumes an emissivity of unity, but this issue is not a 916 problem with the bolometer data. Different atmospheric 917 conditions and local times may also be contributing factors.
918
[45] In addition, image-to-image variations in thermal 919 inertia due to seasonal atmospheric variations not accounted 920 for in the thermal model are also present in the THEMIS 921 map resulting in a ''stripy'' appearance. Because the sea-922 sonal range used to create the TES map is more narrowly 923 constrained and TES collects data continuously whereas 924 THEMIS images are targeted, there is more consistent 925 nighttime coverage of the planet with the TES data set 926 resulting in a cleaner, less ''stripy'' thermal inertia map. 927 Both the thermal models used and the thermal inertia values 928 produced agree to within 25-30%, and this discrepancy 929 is caused by a variety of factors, including differences in 930 the: (1) instrument, and thus the temperature measurements; 931 (2) thermal model; (3) seasonal atmospheric conditions; 932 (4) local times the data were acquired. The classification of 933 surface particle sizes used in geologic interpretations is often 934 divided based on the Wentworth Grade Scale [Wentworth, 935 1922] , and this dissimilarity in thermal inertia values is 936 sufficiently small to allow one to differentiate these 937 common particle size classes (such as silt versus sand). 954 ejecta [Golombek et al., 2005; Fergason et al., 2006] . From 955 Bonneville crater to the Columbia Hills, the THEMIS and 956 Mini-TES thermal inertia values show similar thermal 957 inertia patterns; Mini-TES values being on the average 958 20% lower and showing greater variation [Fergason et al., 959 2006] . Larger variations in the Mini-TES data are expected 960 as the spatial resolution is typically 100-fold higher than 961 THEMIS. The lower Mini-TES thermal inertias may also be 962 due to a data bias, as the rover avoided obstacles, such as 963 rocks or bed forms, during the traverse and the Mini-TES 964 observations were acquired directly in front of the rover 965 [Fergason et al., 2006] . [Christensen, 1986] . Tharsis was first identified as having a 987 very low thermal inertia in Viking IRTM data [Kieffer et al., 988 1977; Zimbelman and Kieffer, 1979; Palluconi and Kieffer, images [e.g., Geissler et al., 1990; 1255 Komatsu et al., 1993 , and the TES spectra 1261 are consistent with basalt [Christensen et al., 1998 ]. The 
1297
With the data provided, aeolian deposition of unconsoli- 
